Tamm-Horsfall glycoprotein (THP) from healthy probands inhibits the precipitation of calcium oxalate, whereas THP from individuals who repeatedly develop calcium oxalate stones has no effect or even promotes precipitation. Using Fourier-transform infrared spectroscopy, we found a structural differentiation between these functionally different THP5: a decisive difference in sialic acid content. Quantitative analysis for sialic acid showed the same results. THP from healthy probands had a high sialic acid content (51 ± 9 glkg), whereas THP from recurrent stone formers had a decreased sialic acid content (21 ± 4 g/kg). This explains the dual role of THP in the precipitation of calcium oxalate and the formation of renal stones and shows the importance of glycosylationin the function of this glycoprotein. ions, which reduce free ion activity and therefore reduce urinary supersaturation, and (ii) the mostly macromolecular polyanionic inhibitors, which do not influence supersaturation but bind to crystal surfaces, block growing sites, and modifSr attractive or repulsive forces between crystals so that growth and especially crystal aggregation is inhibited (9). 
Indexing Terms:glycated proteins/sieiic acid/kidney stones/uiine/ uromodulin In individuals who develop renal stones and in healthy persons, urine is a supersaturated solution of calcium oxalate, the most common component of kidney stones (1). The urinary concentration of calcium oxalate is at least four times higher than its solubility (2),
suggesting that crystal formation occurs in both healthy persons and stone formers (3). Consequently, supersaturation cannot be the sole explanation for the formation of calcium oxalate stones.
The main theories concerning stone formation in the urinary tract are the matrix theory and the theory of inhibitors (or, better, lack of inhibitors).
Based on results from analyses of many stones, the matrix theory (4) proposes that urinary macromolecules promote stone formation by binding inorganic ions and acting as a framework for the deposition of stone salts. Such macromolecules should be present only in the urine of stone formers or should at least be present in excess in such persons. The inhibitor theory (5) explains the fact that healthy persons do not develop clinically significant stones by postulating the presence of inhibitors in urine that prevent nucleation, growth, and aggregation of crystals in the urinary tract. Accordingly and con- (22) showed that THP from healthy probands had an inhibitory effect on the precipitation of calcium oxalate, whereas THP from recurrent calcium oxalate stone formers had no effect or often even a promoting one (23) . In the present study we used Fourier-transform infrared (FTIR) spectroscopy and resolution enhancement by
Fourier seif-deconvolution to elucidate possible structural differences between the two functionally different THPs revealed by the oxalate tolerance test. The spectroscopic methods were complemented with biochemical approaches, e.g., polyelectrolyte titration or the thiobarbituric acid assay for sialic acids. Urine samples (24-h) were precipitated three times with 0.58 mol/L NaCl and the precipitates dialyzed for 72 h. The final products were lyophilized. Healthy probands were chosen randomly. Of both sexes and various ages, they had no known stone episode so far and no other disease at that time. Stone formers were from the Kantonsspital Base! and Kantonsspital Baden, patients classified as recurrent calcium oxalate stone formers; they were sex-and age-mixed and had no urinary tract infections. We determined the concentration of THP in solution spectrophotometrically at 277 nm, using an absorptivity of 10.8 cm' for 10 gIL (25) .
MaterIals and Methods

Reagents and Chemicals
Asialo-THP
was obtained from the healthy probands' THP by two independent methods, acid hydrolysis and enzymatic digestion (26). Acid hydrolysis was carried out in 50 mmol/L H2S04 at 80#{176}C for 1 h. After adjusting the pH of the hydrolysate to -5.5, we extensively dialyzed the glycoprotein against water and lyophilized the product. For enzymatic cleavage, THP was incubated at 37#{176}C for 24 h with neuraminidase, 50 kUIL, in 50 mmol/L sodium acetate/acetic acid buffer, pH 5.5, containing 9 g/L NaCl, 1 g/L CaC12, and 0.2 g/L NaN3. Neuraminidase from C. perfringens is specific for the cleavage of terminal a-2,3-, a-2,6-, and a-2,8-linked sialic acid. After digestion, the glycoprotein was recovered by extensive dialysis against water and then lyophilized.
FTIR
Investigations
of solutions of proteins in the infrared region are usually carried out in deuterium oxide (D2O) because of the strong absorbance of water (H20) in this spectral region. For H/D exchange we lyophilized the dialyzed protein, dissolved it three times in deuterium oxide, and lyophilized again. The solutions were measured in a 50-pm pathlength CaF2 cell. Spectra were recorded with a Bruker IFS-113v FTIR spectrometer equipped with a mercury-cadmium-telluride detector
(Bruker Analytische
Messtechnik, Karlsruhe, Germany). The spectrometer was controlled by a CS-43 computer and OPUS-software (also from Bruker). The results of 1024 scans were combined to produce a spectrum of 2 cm' resolution between wavenumbers of 1850 and 1300 cm'.
THP Charge
The charge of THP was measured by polyelectrolyte titration (27) . A known amount of protein (50-150 g) was preincubated in a solution of poly-(1,1,-dimethyl-3,5-dimethylene-piperidinium chloride). After adding the indicator Toluidine Blue 0, we titrated the excess polycation with potassium polyvinylsulfate at 23#{176}C with continuous stirring. The titration was monitored by continuous measurement of absorbance at 520 nm. To improve the accuracy of determination, we titrated dilution series of known THP content. The number of charged residues per protein molecule was calculated from the differences of the added and retitrated amounts of polycation preincubated with the protein sample.
Sialic Acid
Sialic acid was determined in THP from 10 healthy probands and recurrent stone formers by the thiobarbituric acid assay. After acid hydrolysis and subsequent dialysis the diffusate was lyophilized.
The amount of sialic acid was determined colorimetrically according to
Aminoff ( FTIR spectra of THP from healthy probands and recurrent stone formers show two absorbance maxima, at 1638 and 1454 cm (Fig. 1, top) . These bands consist of (Fig. 1, bottom) , which are assigned to vibrations of the peptide backbone and correspond to the secondary structure of the core protein (34). The bands at 1636 and 1676 cm' can be assigned to (3-sheets, whereas the 1652 cm' band arises from both a-helix and random coils. The band at 1662 cm' is characteristic for 13-turns. The spectra of both of the functionally different forms of THP are identical in this spectral region, indicating that the secondary structure of the core protein is unaffected in the functional differentiation. From the relative areas, the 1636 cm' band appears to be the most prominent, indicating a high content of 13-sheets.
Differences between the spectra of THP from healthy probands and that from recurrent stone formers are greatest in the intensity of the band at 1608 cm', which could be assigned to the asymmetric stretching vibration of the carboxylate group of sialic acid (32). All healthy probands showed a clearly distinct band at 1608 cm', but the band was nearly absent in 12 of 13 spectra of THP from recurrent stone formers; the remaining contributions in this region result from vibrations of tyrosine side chains. Spectra of asialo-THP, whether obtained after chemical or enzymatic cleavage of sialic acid, were identical.
Comparison with the spectra of untreated THP (Fig. 2) shows the disappearance of the carboxylate vibration at 1608 cm', a clear indication that this band results from vibrations of sialic acid. Moreover, the spectra of asialo-THP resemble those of THP from recurrent stone formers by having no spectral feature at 1608 cm' (Fig. 2) . The differences of the relative intensities at 1608 cm' most probably result from different degrees of glycosylation with sialic acid. FTIR spectroscopic investigations of fetuin, another glycoprotein containing sialic acid comparable to the amount in THP, and its asialo derivative confirmed these results (Fig. 3) . The deconvoluted spectra of fetuin These results confirm the concepts that (a) glycosylation is important for the function of THP (36) and (b) a lack of sialic acid is the first step in the conversion of mucosubstances to mineralizable matrix (37) , which may lead to renal stone formation.
Our results show that terminal sialic acid is essential for the inhibitory function of THP from healthy persons. Knowledge of these structural and functional differences of THP makes it possible to combine inhibitor theory and matrix theory of renal stone formation with regard to this glycoprotein.
As shown by our study and earlier results (38) (44) , suggesting that the recurrent formation of renal stones may be an inherited disease caused by a deficiency of glycosidases or glycosyltransferases.
In conclusion, FTIR spectroscopy allowed a structural differentiation between THP from healthy probands and that from recurrent calcium oxalate stone formers. It also demonstrated the importance of glycosylation for the functional activity of this glycoprotein, showing that the functional differences between the two THPs result from different degrees of glycosylation with sialic acid, with the secondary structure of the core protein being unaltered.
Depending on the glycosylation, THP acts as an inhibitor or promoter of calcium oxalate precipitation and thus of the renal stone formation process.
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